Abstract--The Module coil (TOKI-MC) is a twisted solenoid coil wound with an aluminum stabilized superconductor as an R&D program of Large Helical Device (LHD). The TOKI-MC can simulate the conductor and winding structure cooled by pool boiling helium, the twisted winding and the large electromagnetic force of the helical coils for LHD. The TOKI-MC was designed as a cryostable coil at an operating current of 20 kA, but the coil quenched around 17 kA in excitation tests. The cause of quenches was thought to be the result of wire movement. Stability tests were also made and the measured recovery current (13.6 kA) was less than the designed value (23 kA at 8 T). The degradation of recovery current was due to the excess magnetoresistiyity of the copper clad aluminum stabilizer. The stability of TOKI-MC was evaluated and compared with the data of short sample tests.
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I. INTRODUCIlON
The LHD is a .fully superconducting heliotron type fusion experimental device. One of the main features of LHD is the use of superconducting coils for all the magnetic confinement coils (two helical coils and three pairs of poloidal coils). The helical coils are designed with pool boiling conductors considering the flexibility of the conductor for the three-dimensional helical winding.
The conductor of the helical coils is designed as a composite conductor with NbTi/Cu superconductor and high purity aluminum stabilizer. Several cross-sectional patterns have been proposed for the conductor of helical coils. Some of them were made on an experimental basis and have been tested for superconducting property, stability [ll and mechanical property. The TOKI-MC is a twisted solenoid coil wound with one of the proposed conductors for the helical coils. The TOKI-MC can simulate the conductor and winding structure cooled by pool boiling helium, the twisted winding and the large electromagnetic force of the helical coils [2]. The excitation tests of TOKI-MC also served as a long length sample test of the proposed conductor named Design-M.
TOKI-MC COL AND DESIGN-M CONDUCTOR
The TOKI-MC was wound obliquely on an elliptical bobbin with the Design-M composite superconductor. The windings (17 turns x 14 layers) are covered with thick stainless steel coil case simulating the cooling condition and the mechanical supporting structure of the helical coils. The inner radius, outer radius and width of the windings are about 0.4 m, 0.7 m and 0.4 m, respectively. The central and maximum magnetic fields are 7 T and 7.6 T at the designed operating current of 20 kA. The coil covered with coil case was immersed in a.liquid helium bath and Manuscript received August 24, 1992 the windings were cooled by liquid helium penetrated into the cooling channel from holes at the bottom of the coil case. Each turn and layer of the windings were insulated with 3 mm thick GFRP spacers that covered 50% of the conductor surface and made cooling channels for liquid helium.
The cross-sectional view of Design-M conductor and its parameters are shown in Fig. 1 and Tab. 1. The conductor consists of a MbTi/Cu compacted strand cable at the center, four copper-clad aluminum stabilizers and a halfhard copper sheath. AI1 elements were soldered together.
The surface of the conductor was coated with 2 pm thick copper oxide to enhance the heat transfer to liquid helium. In the TOKI-MC windings, the conductvs were jointed with solder at each end of a layer. The maximum length of the conductor without joint was 160 m and the total length of the coil windings was 840 m. The TOKI-MC was designed as a cryostable coil at an operating current of 20 kA.
However the coil quenched afound 17 kA in excitation tests. The cause of quenches was thought to be the result of wire movement as described in a previous paper [3] . In this paper, the stability of the TOKI-MC coil is evaluated and compared with the data of short sample tests. 
Stability Margin
The stability margin of TOKI-MC was estimated by measuring the minimum heat input energy required to initiate a forced quench. A resistive heater of stainlesssteel foil (with a width of 20 mm and a resistance of 0.58 R) was attached on the conductor surface at the 1st layer, 6th turn of the winding. Voltage taps were located surrounding the heater as shown in Fig. 2 . The angular position of the heater was selected to be 262 degrees (bottom of the coil) so that the conductors were aligned horizontally and the cooling condition might the worst in the windings. three times larger than the designed value (3.4~10-7 R/m at 6 T). The conductor resistance was also measured during cool down just before the transition to superconducting state. The measured resistance was 1 . l~l O '~ R/m that was almost the same as the designed value 0 . 9 3~1 0 '~ n/m at 0 T. Therefore the increase of the resistance was not due to the deterioration of the residual resistance of pure aluminum The plot of the minimum heater input energy required to initiate a quench versus the coil current are shown in Fig. 3 .
The input signal of the heater was rectangular pulse with the time duration of 1 s. Because of the long time duration of heater input, the heat input u t a dispersed by the heat transfer to liquid helium and tSle conduction along the , conductor. Therefore this h t e r input energy can not directly mean the minimum quench energy. However, it can be said that the coil is very stable against the external heat input because of the extremely high thermal conductivity of the high purity aluminum.
Recovery Current
The recovery current was also measured using the same heater and voltage taps. At first, the normal zone was initiated by the heater at a current slightly higher than the recovery current., Then the coil current was decreased slowly to the recovery current at which the normal zone shrank. Figure 4a shows the current decay during the recovery current measurement with the balance voltage signal of the coil (the compensated coil voltage signal for flux change using a central voltage Eap). The measured recovery current (13.6 kA) was less than the designed value (23 kA at 8 T). The designed value was calculated by Maddock's theorem [4] using the measured resistance of each component of the conductor and the measured heat transfer coefficient from copper oxide surface to liquid helium.
In Fig. 4b , the resistivity of the conductor was measured at the same time using the short voltage taps near the heater. The conductor resistance stepped up from 0 to 1 .Ox n/m just after the heater input and kept almost constant value. This measured conductor resistance was layer, 6th turn of TOKI-MC. worse. The short sample was covered with GFRP pipe to make 3 mm thick cooling channel. A heater named the bubble heater was mounted at the bottom of GFRP pipe to evaporate liquid helium and simulate vapor locking condition in the coil windiiigs. As shown in Fig. 9 , the recovery current decreased as the heat input to the bubble heater increased. Because of the difference of the direction of the cooling channel between the coil and the short sample, the cooling condition of the coil was much worse than that of the short sample. External Field ( l ) V. DISCUSSION
The degradation of recovery current was caused by the increased resistance of the aluminum stabilized composite conductor. It was confirmed that the increase of the resistance was not due to defects of the materials. The effect of temperature rise and electromagnetic stress were also considered and were eliminated. It was reported by P.W. Eckels et all that the magnetoresistivity of a pure aluminum composite clad with Al-Fe-Ce sheath becomes very large compared to a pure aluminum bulk without a sheath [6] . They explained that the mechanism of magnetoresistivity increase was related to Hall generation within the composite. Hall coefficients of aluminum and copper are different from each other in their polarity. H. Kaneko et al. calculated the enhancement of magnetoresistance due to Hall current that may flow across the interface in aluminum-copper composite [7] . However, some experimental data can not be simply explained by the above Hall generation model. There is a possibility that Hall coefficients or other material parameters may change caused by the combination of materials with different Hall coefficients. The increase of magnetoresistance is an important singular phenomenon for aluminum stabilized composite conductor. We are investigating further the cause and the detail mechanism of the enhanced magnetoresistance.
As shown in Fig. 7 , the heat generation of the aluminum composite conductor increased rapidly. The temperature gradient inside the conductor shifts the heat generation curve to low temperature region and may cause an instability and a temperature runaway of the conductor. Furthermore, the cooling condition of the coil is worse than that of the short sample. Therefore it is very important for stability of an aluminum stabilized composite conductor to minimize the temperature gradient inside the conductor.
The stability of the coil can not relay only on the stability of the conductor. The mechanical stiffness of the windings must be high enough to suppress the mechanical disturbance that can initiate a coil quench.
VI. CONCLUSION
The TOKI-MC was designed as a cryostable coil whose recovery current was greater than the operating current. From measurements of stability margin the coil was very stable against the external heat input because of the extremely high thermal conductivity of the high purity aluminum. The recovery current of the short sample conductor was, however, lower than the designed value caused by the excess of magnetoresistivity of a copper clad aluminum stabilizer.
The temperature dependence of the conductor resistance was measured and the resistance increased rapidly above 17 K. Therefore it is very impotent for the stability of an aluminum stabilized composite conductor to keep the conductor at a low temperature and to minimize the temperature gradient inside the conductor when it becomes normal.. The cooling condition of the coil became worse than that of the short sample and some degradation of the stability was observed comparing to those of the short sample test. To make use of these results, we have been improving the conductor and the winding structure applicable to the construction of LHD.
